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Abstract. We provide an overview of hard QCD results based on data collected with the
ATLAS detector in proton-proton collision at
√
s = 13 TeV at the Large Hadron Col-
lider. The production of high transverse momentum jets, photons and photon-pairs were
studied; the inclusive jet cross section is found to agree well with the prediction of per-
turbative QCD calculations performed at next-to-leading accuracy. The production cross
sections for W and Z bosons in their e and μ decays was measured; in general, agree-
ment is found with the expectation of next-to-next-to leading order QCD calculations
and interesting sensitivities to the proton structure functions are already observed. The
top production cross sections were measured in diﬀerent top decay channels and found
to agree with the state of the art QCD predictions.
1 Introduction
Since June 2015 the Large Hadron Collider (LHC) has started to deliver proton-proton (pp) collisions
at the unprecedented centre-of-mass energy
√
s = 13 TeV. The ATLAS [1] collaboration has analysed
this very early 13 TeV data taken in both special conditions with very low pileup and those dedicated
to high pT physics.
The 13 TeV ATLAS physics program beneﬁts from the installment of the Insertable B-Layer
(IBL) [2], a fourth layer added to the present Pixel detector between a new beam pipe and the current
inner Pixel layer (B-layer) and many other improvements aﬀecting the detector, data-taking as well as
analysis software-framework.
The measurements presented in this paper use between 6.4 pb−1 up to 85 pb−1 of integrated lu-
minosity collected at LHC in proton-proton (pp) collisions at
√
s = 13 TeV. The precision of many
measurements is limited by the early luminosity calibration is based on pair of x-y beam-separation
scans performed in June 2015, leading to about 9% uncertainty on the luminosity scale determination.
2 Jets and photons measurements
The measurement of cross-sections of jets produced at high transverse momentum provides a test of
the validity of perturbative QCD (pQCD) at the TeV scale.
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Figure 1. Inclusive-jet cross sections (a) as a function of the jet pT in |y| < 0.5; the error bars show the statistical
uncertainties and the ﬁlled area shows the experimental systematic uncertainties. Ratio of the measured inclusive-
jet cross section to the NLO pQCD prediction (b), shown as a function of the jet pT in |y| < 0.5. The ﬁgures are
taken from Ref. [3].
The inclusive-jet cross section is measured diﬀerentially as a function of the jet transverse-
momentum, pT, in a jet rapidity range of |y| < 0.5 [3]1. Theoretical predictions at next-to-leading
order (NLO) in pQCD are available from the NloJet++ generator [4]; the predictions are corrected
for non-perturbative eﬀects. As shown in Fig. 1, the pQCD calculations are consistent with the mea-
surement; the 9% uncertainty on the luminosity calibration is not included in the ﬁgures.
The production of prompt photons provides a test for pQCD in a cleaner environment compared
to jet production, since it is less aﬀected by hadronisation eﬀects. The measurement of two prompt
isolated photons is a tool to probe pQCD predictions relevant to understand the irreducible background
to physics processes involving photons in the ﬁnal state, like the Higgs boson decay in photon-pair.
The kinematic distributions of the signal yield for inclusive photon production [5], presented as
functions of photon transverse-energy, EγT, and pseudorapidity, |ηγ|, agree with the predictions of the
Sherpa generator [6], as shown in Fig. 2 (a-b).
Fig. 3 shows the invariant mass spectrum, mγγ, and the transverse-momentum distribution, p
γγ
T , of
the selected photon-pairs [7]. An enhancement in the pγγT spectrum is observed between 20 GeV and
40 GeV, about the sum of the EγT thresholds of the two photons, as expected from beyond leading-order
(LO) QCD corrections.
3 Heavy ﬂavour production
The study of heavy quarkonium is a challenge for the understanding of perturbative and non-
perturbative QCD regimes. Although many aspects of quarkonium production and decay can be
described reasonably well, the literature lack of a coherent theoretical picture which can explain all
quarkonium measurements simultaneously. A ﬁrst analysis of the non-prompt fraction of J/ψ produc-
tion at
√
s = 13 TeV is performed in the di-muon decay channel [8]. The non-prompt fraction is found
1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r,ϕ) are used in the transverse plane, ϕ being the azimuthal angle around the beam pipe. The
pseudorapidity is deﬁned in terms of the polar angle θ as η = − ln[tan(θ/2)]. Transverse momentum and energy are deﬁned as
pT = p sin θ and ET = E sin θ, respectively.
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Figure 2. Measured isolated-photon yield as a function of EγT (a) and |ηγ | (b) for |ηγ | < 2.47. The ﬁgures are
taken from Ref. [5].
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Figure 3. Number of isolated photon-pair candidates shown as a function of mγγ (a) and pγγT (b). The ﬁgures are
taken from Ref. [7].
to increase steadily from 0.25 at the J/ψ transverse momentum of 8 GeV to 0.65 at 40 GeV, with no
signiﬁcant variation with rapidity observed within the precision of the measurement. The centre-of-
mass energy (and initial-state) dependence of the non-prompt fraction is studied by comparing these
results to previous ATLAS measurements at
√
s = 2.76 TeV and at
√
s = 7 TeV, and to CDF measure-
ments
√
s = 1.96 TeV. The comparison between the various measurements is illustrated in Fig. 4; no
signiﬁcant change in the non-prompt fraction is observed from
√
s = 7 TeV to
√
s = 13 TeV, contrary
to the signiﬁcant diﬀerence observed between the
√
s = 7 TeV measurement and the measurements
at lower energies.
4 W/Z cross sections
The measurement of weak vector bosons, W/Z, production at hadron colliders provides a benchmark
of our understanding of QCD and electroweak (EW) phenomenology. The large production cross
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Figure 4. Non-prompt J/ψ production fraction measured in the rapidity |y| < 0.75 compared to previous mea-
surements from ATLAS in pp collisions at
√
s = 2.76 TeV and
√
s = 7 TeV, and from CDF in pp collisions at√
s = 1.96 TeV. The error bars represent the total uncertainty on the measurements (statistical and systematic).
The ﬁgures are taken from Ref [8].
sections and easily identiﬁable W/Z decays to leptonic ﬁnal states oﬀer a clean experimental signa-
ture which can be measured to high precision. In addition, theoretical predictions for inclusive W/Z
production are available at next-to-next-to-leading-order (NNLO) accuracy in QCD, and include EW
corrections at NLO accuracy [9]; the cross-section predictions are dependent on the parton distribution
functions (PDFs), therefore, measurements of W and Z bosons production oﬀer a unique opportunity
to test modeling of PDFs at the new centre-of-mass energy of
√
s = 13 TeV.
Fig. 5 (a-b) shows the measured ﬁducial W/Z cross sections [10]. The data are compared to pre-
dictions calculated using diﬀerent PDF sets. The measurements agree well with the predictions. The
experimental precision is already comparable to PDF uncertainties; however, the current experimental
precision is limited by the preliminary luminosity calibration.
The measurement of the ratio RW+/W− = σ
f id
W+/σ
f id
W− [10] is shown in Fig 5 (c); there is a signiﬁcant
scatter for diﬀerent PDF predictions and the accuracy of the experimental result is comparable to the
spread among them. The data favours results from the PDFs which include LHC measurements lower
centre-of-mass energy (NNPDF3.0 [11], MMHT14nnlo68cl [12], and ABM12LHC [13]).
Measurements of vector bosons production in association with jets represent an important test
of pQCD and constitute a relevant background for studies of the Higgs boson and searches for new
phenomena. The ﬁducial production cross sections for Z bosons plus inclusive one to four jet multi-
plicities have been measured [15] with a precision ranging from about ∼10% to ∼20%. The measure-
ments have been compared to predictions from Sherpa and Madgraph [16], normalised to the NNLO
inclusive cross-section for Z boson production; as can be observed from Fig. 6, the predictions show
a reasonable agreement with the data.
5 Top quark pair cross sections
The top quark is the heaviest known elementary particle, with a mass close to the scale of electroweak
symmetry breaking. Precise measurements of the top-pair cross section, σtt, are sensitive to the gluon
parton distribution function (PDF) of the proton, the strong coupling constant αs, the top-quark mass
mt, and potential enhancements due to physics beyond the Standard Model (SM).
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Figure 5. Measured ﬁducialW/Z cross sections (a,b) and RW+/W− (c) (red line); the green (cyan) band corresponds
to the experimental uncertainty without (with) the luminosity uncertainty; the yellow band in (c) represent the
statistical uncertainty on the measurement. The data are compared to NNLO QCD predictions derived with four
PDF sets; the inner error bar of the predictions represents the PDF uncertainty while the outer error bar includes
the sum of all other systematics. The ﬁgures are taken from Ref [10].
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Figure 6. Fiducial cross sections as a function of the inclusive jet multiplicity in the Z→ ee channel (left) and the
Z→ μμ channel (right). The measured cross section is compared to predictions from Sherpa and Madgraph. The
hatched error band corresponds to the total systematic and statistical uncertainty of the cross section, together
with the luminosity uncertainty. The ﬁgures are taken from Ref [15].
The inclusive tt production cross-section was measured in several decay channels, assuming mt =
175.5 GeV [17, 18]. As shown in Fig. 7 (a), the data agree well with the state of the art SM prediction
based on NNLO QCD perturbative expansion supplemented with next-to-next-to-leading logarithm
(NNLL) QCD resummation [19].
Ameasurement of the ratio between the tt and Z-boson production cross-sections is also presented,
using on the measurement of the tt cross-section in the eμ ﬁnal state and of the Z-boson cross-section
in the ee and μμ decay modes. The measurement of the tt cross-section in the eμ ﬁnal state is used
to calculate the ratio since it is the most precise ATLAS measurement of the tt cross-section at
√
s =
13 TeV. This ratio beneﬁts from signiﬁcant cancellations in systematic uncertainties between the two
cross-section measurements, and is sensitive to ratios of the gluon and sea-quark PDFs.
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Figure 7. Cross-section for tt pair production in pp collisions as a function of centre-of-mass energy (a); the
ATLAS measurements at
√
s = 7, 8 and 13 TeV are compared to the NNLO+NNLL theory predictions. Mea-
sured cross-section ratio Rtt/Z compared to NNLO predictions at
√
s = 13 TeV based on several PDF sets; the
inner shaded band corresponds to the statistical uncertainty on the measurement, whilst the outer shaded band
includes both statistical and systematic uncertainties; the inner error bars on the predictions correspond to PDF
uncertainties only, while the outer error bars also include QCD scales and αs uncertainties. The ﬁgures are taken
from Ref [17, 18].
The measured tt/Z cross-section ratio, Rtt/Z [18], agree with predictions obtained with CT10nnlo,
NNPDF3.0 and MMHT14nnlo68CL, as can be seen from Fig. 7 (b). However, data are only
marginally consistent with the prediction derived with the ABM12LHC PDF set, which gives a 12%
smaller tt cross-section than CT10nnlo.
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